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Diabetes type-2 and the metabolic syndrome are prevalent in epidemic proportions and 
result in significant co-morbid disease. Limitations in understanding of dietary effects and 
cholesterol metabolism exist. Current methods to assess diabetes are essential, though 
many are invasive; for example, blood glucose and lipid monitoring require regular finger 
sticks and blood draws. A novel method to study these diseases may be non-invasive 
breath testing of exhaled compounds. Currently, acetone and lipid peroxidation products 
have been seen in small scale studies, though other compounds may be significant. As 
Atlantic bottlenose dolphins (Tursiops truncatus) have been proposed as a good model for 
human diabetes, applications of dietary manipulations and breath testing in this population 
may shed important light on how to design human clinical studies. In addition, ongoing 
studies indicate that breath testing in dolphins is feasible, humane, and yields relevant 
metabolites. By studying the metabolic and cholesterol responses of dolphins to dietary 
modifications, researchers may gain insight into human diabetes, improve the design of 
costly human clinical trials, and potentially discover biomarkers for non-invasive breath 
monitoring. 
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Diabetes mellitus is a chronic human disease with large economic 
and medical impact. A median of 8.2% of the US population has 
type-2 diabetes (DM2), which is thought to develop from a com- 
plex interplay between genetics, diet, obesity, and potentially other 
common illnesses such as obstructive sleep apnea (1-5). Often 
diabetes develops in humans together with elevated triglycerides. 
In fact, the combination of abdominal obesity, lipid abnormali- 
ties (e.g., low HDL and/or elevated triglycerides), elevated blood 
pressure, and/or abnormal fasting glucose levels that do not reach 
the diagnostic levels for DM2 constitute the metabolic syndrome 
(MetS) (6, 7), though exact definitions and prevalence estimates of 
the MetS vary according to published guidelines (8-11). It is use- 
ful to think of the MetS and diabetes as existing along a spectrum, 
and both are directly related to the development of cardiovascu- 
lar disease. Diabetes care is estimated to comprise up to 14% of 
gross US healthcare expenditures (1), and much of this cost is 
driven by complications of DM2 including cardiovascular disease, 
stroke, kidney disease, retinopathy, and foot ulcers (12). DM2 and 
the MetS have reached epidemic proportions and without timely 
interventions, costs and morbidity are expected to rise (13). 

Though an abundance of human clinical data regarding DM2 
exists to guide therapy, much of the understanding of how ther- 
apies work remains elusive. For example, recent attention has 
focused on dietary effects on DM2 and the MetS. It is known that 
Mediterranean diets (i.e., those rich in monounsaturated fats such 
as olive oil, legumes, lean meats, and vegetables) may improve 



insulin sensitivity, obesity, cholesterol regulation, and glycemic 
control, among other measures ( 1 4-1 6 ) . The antioxidants found in 
olive oil may have anti- inflammatory and anti-hypertensive effects 
(17), however, no single component of the Mediterranean diet 
studied in isolation has shown similar outcomes as the diet as 
a whole. Moreover, many of the studies looking at the Mediter- 
ranean diet differ in their composition making generalization of 
the diet problematic. Other diets, such as low-carbohydrate and 
low-fat, have also been studied in regard to their impacts on com- 
ponents of DM2 and the MetS with variable results (18). Clearly, 
an improved understanding of diet is important as one would 
expect dietary interventions to be among the most cost-effective 
ways to control DM2 and the MetS. 

In addition to the problem of understanding therapeutic inter- 
ventions in DM2 and the MetS, current monitoring of these 
complex diseases requires, in part, invasive blood testing to assess 
glucose and lipids. One novel and emerging method of research 
which may benefit several lines of human clinical investigation, 
including to the study of DM2 and the MetS, is exhaled breath 
analysis. Exhaled breath analysis has been used for centuries in 
human disease. For example, volatile ketones resulting from the 
lipolysis of adipocytes when insulin production is diminished 
(e.g., type I diabetes) or in starvation states can be smelled on 
the breath as a sweet, fruity odor (19). More recent medical uses of 
exhaled breath include cancer detection, lung diseases, aging, and 
gastrointestinal disorders, to name a few (20, 21). 
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EXHALED BREATH FOR MetS AND DM2 MONITORING 

Exhaled breath is collected as an ambient gas or liquid [exhaled 
breath condensate (EBC)] using non-invasive collection systems 
that cool expired breath, and both of these fractions contain 
interesting metabolites. The advantage of analyzing the gaseous 
fraction is the identification of volatile compounds which may 
be conducted in real-time. Such volatile compounds are likely 
representative of end-points of metabolic pathways. Conversely, 
the advantage of EBC is the capture of higher molecular weight, 
non-volatile compounds such as peptides and lipids, or even par- 
ticles such as viruses trapped in exhaled droplets. There is a wide 
range of analysis platforms and computational strategies to inter- 
pret the vast amount of information present in exhaled breath, 
and many of these platforms are scalable to permit point-of- 
care use (22). Exhaled breath, whether collected in gas or liquid 
form, represents a novel matrix of human and animal data which 
may ultimately serve as a complementary or stand-alone fluid for 
disease monitoring. 

Of significance to diabetes, non-invasive breath testing rep- 
resents an attractive way to test for glycemic control. Current 
recommendations by the American Diabetes Association include 
multiple daily blood glucose testing in diabetics on insulin, and less 
frequent testing in diabetics on oral therapy (23). Current blood 
glucose tests are uniformly invasive as they require finger sticks at a 
minimum. Potential benefits to breath testing include avoidance of 
painful finger sticks, improved compliance with glucose monitor- 
ing, and the potential to assess insulin levels, which is currently an 
unavailable point-of-care test for most diabetics (24). Better con- 
trol and early diagnosis of diabetes through non-invasive means 
may help lower morbidity and mortality. 

There is a paucity of studies assessing breath biomarkers in 
human diabetes, though important efforts have been made. Greiter 
et al. were able to distinguish 21 insulin-dependent DM2 subjects 
from 26 healthy controls using proton-transfer reaction mass spec- 
trometry (PTR-MS) analysis of exhaled gas (25). Though many of 
the chemicals were not identified, compounds including acetone, 
dimethyl sulfide, isoprene, butanol, and pyridine were identified. 
In this study, only acetone was seen in significantly elevated levels 
in DM2 subjects on exogenous insulin. Though this is surpris- 
ing in DM2 as ketogenesis and acetone production are typically 
thought to arise in type-1 diabetes, breath testing may be able 
to uncover compounds that challenge the paradigm of diabetes 
understanding. Guo et al. sought to correlate human breath ace- 
tone concentrations to blood glucose levels (26). In this study, 
the correlation was not robust, but the results are promising. 
In a study of 16 subjects undergoing an oral glucose tolerance 
test, elevated exhaled acetone levels were able to classify diabetics 
from non-diabetics, though there were large inter-individual dif- 
ferences (27). Goerl et al. studied the breath of 30 subjects with 
advanced kidney disease undergoing dialysis (28). In the subset of 
subjects with DM2, there was significantly less variation in lon- 
gitudinal breath acetone concentrations. Landini and colleagues 
studied breath acetone production in patients undergoing med- 
ically supervised, calorie-restricted weight loss (29). They showed 
that acetone concentrations were elevated in subjects with more 
weight loss, presumably reflecting a starvation ketosis rather than 
a lack of insulin. Though this study did not specifically assess 



diabetics, it supports the principle of acetone evolution in breath 
as a reflection of a systemic metabolic process. 

Recently, 13 C-labeled glucose has been studied as a non-invasive 
breath measure of glucose metabolism and insulin resistance in 
DM2. Mizrahi et al. demonstrated good correlations between 
serum glucose (positive) and insulin (negative) levels to 13 C- 
glucose breath levels after ingestion of 13 C-glucose in healthy 
volunteers (30). Another small study correlated breath 13 C-glucose 
to both urban and rural Asian Indian populations in terms of 
insulin resistance, body mass index, and waist circumference (31). 
Jetha et al. assessed the role of non-invasive breath 13 C-glucose 
monitoring in obese children where fears of needle-testing for 
glucose levels are high (32). As with prior studies, they found sig- 
nificant correlations between the breath and serum tests. These 
studies indicate that 13 C-glucose tests and acetone concentrations 
may be important non-invasive measures of glucose metabolism 
in DM2. Whether acetone is important alone or in combination 
with other, undiscovered biomarkers remains to be seen. 

Related to the MetS and lipid metabolism disorders, few non- 
invasive breath studies have been published. The metabolism 
of dietary constituents is routinely assessed using exhaled CO2, 
though this is a rough marker of lipid metabolism since the metab- 
olism of carbohydrates and proteins produce CO2 as well (33, 34). 
Indirect evidence of lipid metabolism comes from the breath evo- 
lution of lipid peroxidation products such as ethane and pentane 
(35), though these maybe due to general or airway inflammation 
and not to lipid balance. A small study in spontaneously over- 
weight mice measured increased exhaled 13 CC>2 as a marker of 
increased lipolysis when the mice were given a thyroid hormone 
analog (36). This suggests that CO2 maybe a suitable measurement 
in certain experimental settings. 

BARRIERS TO BREATH ANALYSIS IN THE MetS AND DM2 

As with many novel techniques, breath analysis must overcome 
several barriers before it is accepted as a part of clinical disease 
management. There are certainly success stories such as exhaled 
nitric oxide for use in allergies and asthma (37), but the major- 
ity of breath tests, particularly for the MetS and DM2, are still 
experimental. First, few large-scale studies have been conducted 
to validate the findings from smaller studies. This creates substan- 
tial problems with technique validation and application across 
populations. Next, the validation of individual or groups of bio- 
markers (i.e., acetone, glucose, etc.) requires large amounts of 
subjects across a range of ethnic and geographic groups. Nomo- 
grams for many of the compounds identified in DM2 and the 
MetS simply do not exist. In addition, these biomarkers would 
need to be assessed longitudinally to account for fluctuations over 
time, season, and disease activity. Finally, costs associated with the 
development of breath analysis technologies may be high, but as 
components become refined and produced to scale, costs would 
be expected to decrease (think of standard glucose meters). The 
bottom line is that more rigorous experimentation is needed to 
validate and advance breath testing in the MetS and DM2. 

A DOLPHIN MODEL OF THE HUMAN MetS 

In this issue and previously, Venn-Watson and colleagues have 
reported that Atlantic bottlenose dolphins (Tursiops truncatus) 
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are a good model of the human MetS and insulin resistance (38, 
39), though accepted definitions of the human MetS vary some- 
what from that used by the authors (6-9). In 2011 the authors 
published a study where managed dolphins were fed dextrose or 
Spanish mackerel (a high-protein, low-carbohydrate meal) (38). 
Both meals resulted in sustained hyperglycemia: up to 10 h post- 
dextrose and 5 h post-mackerel. Accompanying insulin levels were 
also elevated which is similar to the hyperinsulinemia seen in 
human DM2 as a result of impaired peripheral insulin metab- 
olism (40). The authors' 2007 work demonstrated that serum 
glucose was elevated in fasting dolphins, and that fasting platelets, 
gamma-glutamyl transpeptidase, and alkaline phosphatase were 
also significantly elevated (39), as may be seen in the human MetS 
(41, 42). In the present work, the authors further describe the 
metabolic abnormalities among managed and free-ranging dol- 
phin populations. In addition to elevated insulin levels, affected 
dolphins in the managed group also had elevated glucose, total 
cholesterol, HDL-C, VLDL-C, iron, transferrin saturation, and 
unmodified adiponectin. These elevations mirror some of the 
changes seen in humans with the MetS. Interestingly, managed 
dolphins with aberrant blood markers do not appear to have an 
elevated mortality, at least not attributed to their metabolic dys- 
function (43). The aforementioned body of work suggests that 
dolphins share similar physiologic responses with human dia- 
betics in reference to fasting and bolus-feeding states, but that 
dolphins may utilize diet fluctuations and glycemic changes to 
non-pathologic ends. Thus, bottlenose dolphins may be a unique, 
phylogenetically close, and accessible model for human diabetes. 

Importantly, the bottlenose dolphin model of DM2 and the 
MetS has a few key potential applications. First, hyperglycemia in 
dolphins appears to be a naturally occurring response to both fast- 
ing (39) and post-prandial states (38). As hypothesized, this may 
be an adaptive response to stress (e.g., starvation or intermittent 
food availability) to keep blood glucose available to the dolphins' 
larger brains. Presumably dolphins naturally feed continuously 
in food-plentiful environments and therefore maintain more sta- 
ble glucose and insulin levels, especially if they have a varied diet 
of fish. 

As mentioned, the understanding of dietary influences on DM2 
and the MetS is essential. Patterns and timing of food consump- 
tion have long been recognized as important to weight control 
in humans (44, 45), though longitudinal datasets demonstrating 
optimal feeding times in diabetic patients are limited to small stud- 
ies of fairly short duration. One study that randomized women 
with DM2 and polycystic ovarian syndrome to higher breakfast 
versus dinner caloric intake for 90 days noted reduced levels of 
post-prandial glucose and insulin in patients who ate higher calo- 
ries earlier in the day (46). This is supported by other evidence 
that consuming high calorie foods with a high glycemic index late 
in the day results in higher glucose levels and insulin resistance 
(47). Dietary manipulations in managed bottlenose dolphin pop- 
ulations could augment existing human data and provide insight 
to optimal feeding regimens (both in diet content and timing) 
that affect post-prandial glycemic and insulin indices in humans. 
Specifically, altering protein and carbohydrate ratios to a group of 
dolphins that "behave" like human diabetics without the associated 
complications is an attractive prospect. 



Another important use of a bottlenose dolphin model for 
human disease lies in studying cholesterol fluctuations with 
dietary modifications. In the study by Venn-Watson et al. in this 
issue, all cholesterol components were elevated in dolphins with 
increased glucose and insulin levels. However, they were elevated 
in different ways than found in humans with diabetes as the 
HDL-C component was disproportionately elevated in dolphins. 
In humans, low HDL-C levels often associate with DM2, and 
therapy aims to increase the HDL-C component as it is consid- 
ered cardio-protective (48). For example, in a case-control study 
assessing 113 humans with high HDL-C compared to 212 with 
low HDL-C on the incidence of DM2, 1.8 versus 21.7% (high 
HDL-C versus low HDL-C) developed DM2 (49). Though dol- 
phins develop dyslipidemias as do humans, the mechanisms by 
which they develop them and, importantly, the fact they do not 
appear to have increased mortality compared to humans, could 
shed light into strategies to bolster HDL-C in humans. Further 
research into how dolphins maintain high HDL-C in the face of 
other metabolic imbalances could prove useful to understanding 
human lipid regulation. 

As dolphins represent an appealing model of human DM2 
and the MetS, and cetacean research should ideally serve the dual 
purpose of benefiting animal and human health, researchers may 
access both wild and managed dolphins. Two outstanding exam- 
ples of successful programs where researchers study wild dolphin 
populations include the Mote Marine Laboratory in Sarasota, FL, 
USA, and Dolphin Research Australia based in New South Wales. 
Free-ranging dolphin research is informative, semi-natural, and 
externally valid, though it requires extensive effort (50). Con- 
versely, managed dolphins are attractive in that more rigorous 
experimentation is possible; however, studies on these populations 
may not be applicable to wild dolphins due to differences in life 
conditions. Importantly for research, managed dolphins receive 
excellent care, have low mortality rates, and have annual survival 
rates of 99% (43, 51). Regardless of the population studied, efforts 
to optimize cetacean research and maximize data recovery are 
paramount. Specifically, one strategy maybe utilization of exhaled 
breath. 

EXHALED BREATH EVALUATION OF DOLPHINS 

Though exhaled breath collection from cetaceans has not been 
rigorously evaluated, early work assessing exhaled nitric oxide has 
demonstrated feasibility (52). Exhaled breath analysis in dolphin 
populations has several potential advantages. Given that breath 
sampling techniques are non-invasive and do not obstruct the 
airway, one would expect breath sampling of dolphins to engen- 
der minimal concern. This would facilitate sample collection in 
both managed and wild populations. Anatomically, dolphins have 
respiratory systems which are separate from their gastrointesti- 
nal tracts. This prevents the oropharyngeal and gastrointestinal 
contamination of the collected breath which confounds collec- 
tion and analysis in humans (53). Uniquely, cetaceans are explo- 
sive breathers, exchanging 70-90% of total lung capacity in 0.3 s 
(54). The sheer volume of a single dolphin breath is far greater 
than many human breaths in aggregate. This breathing behav- 
ior leads to rapid gas exchange, quick sample collection, and 
minimal contact time with the animals. In addition, bottlenose 
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dolphins can hold their breath for about 7min while diving, 
which leads to enrichment of the exhaled gas with endoge- 
nous metabolite compounds. Explosive breathing and breath- 
holding provide unique advantages to aid in the discovery of 
large amounts of exhaled compounds which may directly inform 
the design of human breath studies. Furthermore, the limited 
genetic variability in dolphins compared to humans would likely 
result in lower variability of the metabolic content in the exha- 
late. In a proof-of-concept study, we have been able to capture 
exhaled breath from bottlenose dolphins, and preliminary analy- 
sis indicates a chemical separation of fasting versus non-fasting 
animals based on breath constituents such as triglycerides (ten- 
tatively identified; unpublished data). As exhaled breath repre- 
sents a novel and potentially robust matrix for disease detection, 
breath monitoring application in cetaceans appears logical and 
important. 

In conclusion, DM2 and the MetS are important epidemics 
which are predicted to escalate in coming years. As diet is central 
to the development of, and potentially the control of, DM2 and 
the MetS, a focus on studying dietary influences is key. Cetacean 
models of DM2 and the MetS are interesting as Atlantic bot- 
tlenose dolphins (T. truncatus) have physio-chemically similar 
responses to alterations in diets as do humans, yet they do not 
seem to experience increased mortality. Also, the bottlenose dol- 
phin is of closer phylogenetic relation to humans than many other 
animal models. Key differences in the regulation of HDL-C cho- 
lesterol alone are worth intensive scrutiny as novel mechanisms to 
bolster HDL-C levels in human diabetics may confer protection 
from cardiovascular disease. In addition, studies altering feeding 
intensity and diet composition in dolphins may have profound 
implications in human disease. The aforementioned advantages 
of breath analysis in dolphins present an ideal model for bio- 
marker discovery in DM2 and the MetS. Further targeted analysis 
of some of the discovered biomarkers may facilitate application of 
breath analysis for DM2 monitoring tests in humans. The logical 
and ethical use of animal models to complement existing human 
data remains an important goal, especially as the cost and lim- 
ited scope of human trials can benefit from as much guidance as 
possible. As we strive toward obtaining biological samples using 
the least invasive methods, exhaled breath as a novel matrix to 
study in both animals and humans emerges as a viable and inter- 
esting option. Though we are not ready to use exhaled breath 
analysis in lieu of invasive blood tests, this reality may not be 
far off. 

ACKNOWLEDGMENTS 

Partial support is graciously acknowledged from: N000141310580 
from The Office of Naval Research (Cristina E. Davis); UL1 
TR000002 from the National Center for Advancing Transla- 
tional Sciences, a component of the National Institutes of Health 
(NIH), and the NIH Roadmap for Medical Research (Cristina E. 
Davis); Department of the Army (Cristina E. Davis), The Hartwell 
Foundation (Cristina E. Davis); NIH #T32-HL007013 and #T32- 
ES007059 (Michael Schivo); UC Davis School of Medicine and 
NIH #8KL2TR000134-07 K12 mentored training award (Michael 
Schivo). 



REFERENCES 

1. Cory S, Ussery-Hall A, Griffin-Blake S, Easton A, Vigeant J, Balluz L, et al. 
Prevalence of selected risk behaviors and chronic diseases and conditions- 
steps communities, United States, 2006-2007. MMWR Surveill Summ (2010) 
59(8):l-37. 

2. Inadera H. Developmental origins of obesity and type 2 diabetes: molecular 
aspects and role of chemicals. Environ Health Prev Med (2013) 18(3):185-97. 
doi:10.1007/sl2199-013-0328-8 

3. Kato N. Insights into the genetic basis of type 2 diabetes. / Diabetes Investig 
(2013) 4(3):233-44. doi: 10. 1 1 1 1/jdi. 12067 

4. Tahrani AA, AM A, Raymond NT, Begum S, Dubb K, Altaf QA, et al. Obstruc- 
tive sleep apnea and diabetic nephropathy: a cohort study. Diabetes Care (2013) 
36( 1 1 ):37 1 8-25. doi: 1 0.2337/dcl3- 0450 

5. Ahluwalia N, Andreeva VA, Kesse-Guyot E, Hercberg S. Dietary patterns, inflam- 
mation and the metabolic syndrome. Diabetes Metab (2013) 39(2):99-110. 
doi:10.1016/j.diabet.2012.08.007 

6. Grundy SM, Brewer HB Jr, Cleeman JI, Smith SC Jr, Lenfant C; American 
Heart Association, et al. Definition of metabolic syndrome: report of the 
national heart, lung, and blood institute/American heart association confer- 
ence on scientific issues related to definition. Circulation (2004) 109(3):433-8. 
doi:10. 1 161/01.CIR.00001 1 1245.75752.C6 

7. Expert Panel on Detection, Evaluation, and Treatment of High Blood Choles- 
terol in Adults. Executive summary of the third report of the National Cho- 
lesterol Education Program (NCEP) expert panel on detection, evaluation, and 
treatment of high blood cholesterol in adults (adult treatment panel III). JAMA 
(2001) 285(19):2486-97. doi:10.1001/jama.285. 19.2486 

8. Alberti KG, Zimmet PZ. Definition, diagnosis and classification of diabetes mel- 
litus and its complications. Part 1: diagnosis and classification of diabetes melli- 
tus provisional report of a WHO consultation. Diabet Med (1998) 15(7):539-53. 
doi:10.1002/(SICI)1096-9136(199807)15:7<539::AID-DIA668>3.0.CO;2-S 

9. Alberti KG, Zimmet P, Shaw J; IDF Epidemiology Task Force Consensus 
Group. The metabolic syndrome - a new worldwide definition. Lancet (2005) 
366(9491):1059-62. doi:10.1016/S0140-6736(05)67402-8 

10. Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, 
et al. Harmonizing the metabolic syndrome: a joint interim statement of the 
International Diabetes Federation Task Force on Epidemiology and Preven- 
tion; National Heart, Lung, and Blood Institute; American Heart Association; 
World Heart Federation; International Atherosclerosis Society; and Interna- 
tional Association for the Study of Obesity. Circulation (2009) 120(16):1640-5. 
doi:10.1161/CIRCULATIONAHA.109.192644 

11. Kassi E, Pervanidou P, Kaltsas G, Chrousos G. Metabolic syndrome: definitions 
and controversies. BMC Med (2011) 9:48. doi:10.1186/1741-7015-9-48 

12. Mokdad AH, Ford ES, Bowman BA, Dietz WH, Vinicor F, Bales VS, et al. Preva- 
lence of obesity, diabetes, and obesity-related health risk factors, 2001. JAMA 
(2003) 289(l):76-9. doi:10.1001/jama.289.1.76 

13. Diabetes Data & Trends. Department of Health and Human Services. (2013). 
Available from http://www.cdc.gov/diabetes/statistics/prev/national/figadults. 
htm 

14. Ryan MC, Itsiopoulos C, Thodis T, Ward G, Trost N, Hofferberth S, et al. The 
Mediterranean diet improves hepatic steatosis and insulin sensitivity in indi- 
viduals with non-alcoholic fatty liver disease. J Hepatol (2013) 59(l):138-43. 
doi:10.1016/j.jhep.2013.02.012 

15. Dominguez LJ, Bes-Rastrollo M, de la Fuente-Arrillaga C, Toledo E, Beunza JJ, 
Barbagallo M, et al. Similar prediction of total mortality, diabetes incidence and 
cardiovascular events using relative-and absolute-component Mediterranean 
diet score: the SUN cohort. Nutr Metab Cardiovasc Dis (2013) 23(5):451-8. 
doi:10.1016/j.numecd.201 1.10.009 

16. Abiemo EE, Alonso A, Nettleton JA, Steffen LM, Bertoni AG, Jain A, et al. Rela- 
tionships of the Mediterranean dietary pattern with insulin resistance and dia- 
betes incidence in the Multi-Ethnic Study of Atherosclerosis (MESA). Br J Nutr 
(2013) 109(8):1490-7. doi:10.1017/S0007114512003339 

17. Covas MI. Olive oil and the cardiovascular system. Pharmacol Res (2007) 
55(3):175-86. doi:10.1016/j.phrs.2007.01.010 

18. Nordmann AJ, Nordmann A, Briel M, Keller U, Yancy WS Jr, Brehm BJ, et al. 
Effects of low-carbohydrate vs low-fat diets on weight loss and cardiovascular 
risk factors: a meta-analysis of randomized controlled trials. Arch Intern Med 
(2006) 166(3):285-93. doi:10.1001/archinte.l66.3.285 

19. Hayden GF. Olfactory diagnosis in medicine. Postgrad Med (1980) 67(4):110. 



Frontiers in Endocrinology | Diabetes 



November 2013 | Volume 4 | Article 163 | 4 



Schivo et al. 



Dolphin breath for diabetes detection 



20. Mazzatenta A, Di Giulio C, Pokorski M. Pathologies currently identi- 
fied by exhaled biomarkers. Respir Physiol Neurobiol (2013) 187(l):128-34. 
doi:10.1016/j.resp.2013.02.016 

2 1 . Schivo M, Seichter F, Aksenov AA, Pasamontes A, Peirano DJ, Mizaikoff B, et al. 
A mobile instrumentation platform to distinguish airway disorders. J Breath Res 
(2013) 7(1):017113. doi:10.1088/1752-7155/7/l/017113 

22. Aksenov AA, Schivo M, Bardaweel H, Zrodnikov Y, Kwan AM, Zamuruyez K, 
et al. Volatile organic compounds in human breath: biogenic origin and point- 
of-care analysis approaches. 1st ed. In: Amann A, Smith D, editors. Volatile Bio- 
markers: Non-Invasive Diagnosis in Physiology and Medicine. Oxford: Elsevier 
(2013). p. 129-47. 

23. American Diabetes Association. Standards of medical care in diabetes - 2013. 
Diabetes Care (2013) 36(Suppl l):Sll-66. doi:10.2337/dcl3-S011 

24. Minh TDC, Blake DR, Galassetti PR. The clinical potential of exhaled breath 
analysis for diabetes mellitus. Diabetes Res Clin Pract (2012) 97(2):195-205. 
doi:10.1016/j.diabres.2012.02.006 

25. Greiter MB, Keck L, Siegmund T, Hoeschen C, Oeh U, Paretzke HG. Differ- 
ences in exhaled gas profiles between patients with type 2 diabetes and healthy 
controls. Diabetes Technol Ther (2010) 12(6):455-63. doi:10.1089/dia.2009.0181 

26. Guo DM, Zhang D, Zhang L, Lu GM. Non-invasive blood glucose monitoring 
for diabetics by means of breath signal analysis. Sens Actuators B Chem (2012) 
173:106-13. doi:10.1016/j.snb.2012.06.025 

27. Ghimenti S, Tabucchi S, Lomonaco T, Di Francesco F, Fuoco R, Onor M, et al. 
Monitoring breath during oral glucose tolerance tests. / Breath Res (2013) 
7(1):017115. doi:10.1088/1752-7155/7/l/017115 

28. Goerl T, Kischkel S, Sawacki A, Fuchs P, Miekisch W, Schubert JK. Volatile breath 
biomarkers for patient monitoring during haemodialysis. ] Breath Res (2013) 
7(1):017116. doi:10.1088/1752-7155/7/l/017116 

29. Landini BE, Bravard ST. Effect of very low calorie diet on breath acetone concen- 
tration measured using an enzymatic sensing system. Obesity (2009) 17:S266-7. 

30. Mizrahi M, Lalazar G, Adar T, Raz I, Ilan Y. Assessment of insulin resistance 
by a 13C glucose breath test: a new tool for early diagnosis and follow-up of 
high-risk patients. Nutr } (2010) 9:25. doi:10.1186/1475-2891-9-25 

31. Banerjee D, Vikram N, Mishra P, Bhatt R, Prakash S, Misra A. Correlation 
of a [13C] glucose breath test with surrogate markers of insulin resistance in 
urban and rural Asian Indians. Metab Syndr Relat Disord (2009) 7(3):215-9. 
doi:10.1089/met.2008.0075 

32. Jetha MM, Nzekwu U, Lewanczuk RZ, Ball GD. A novel, non-invasive 
13C-glucose breath test to estimate insulin resistance in obese prepubertal chil- 
dren. J Pediatr Endocrinol Metab (2009) 22( 1 1 ):105 1-9. doi:10. 15 15/JPEM.2009. 
22.11.1051 

33. McCue MD, Pollock ED. Measurements of substrate oxidation using 13CO 
2-breath testing reveals shifts in fuel mix during starvation. / Comp Physiol B 
(2013). doi:10.1007/s00360-013-0774-z. [Epub ahead of print]. 

34. Liposky JM, Nelson LD. Ventilatory response to high caloric loads in criti- 
cally ill patients. Crif Care Med (1994) 22(5):796-802. doi: 10. 1097/00003246- 
199405000-00014 

35. Kneepkens CM, Lepage G, Roy CC. The potential of the hydrocarbon breath test 
as a measure of lipid peroxidation. Free Radic Biol Med (1994) 17(2):127-60. 
doi:10.1016/0891-5849(94)90110-4 

36. Haviland JA, Reiland H, Butz DE, Tonelli M, Porter WP, Zucchi R, et al. 
NMR-based metabolomics and breath studies show lipid and protein catab- 
olism during low dose chronic Tl AM treatment. Obesity (Silver Spring) (2013). 
doi:10.1002/oby.20391. [Epub ahead of print]. 

37. Dweik RA, Boggs PB, Erzurum SC, Irvin CG, Leigh MW, Lundberg JO, et al. An 
official ATS clinical practice guideline: interpretation of exhaled nitric oxide 
levels (FENO) for clinical applications. Am J Respir Crit Care Med (2011) 
184(5):602-15. doi:10.1164/rccm.9120-llST 

38. Venn-Watson S, Carlin K, Ridgway S. Dolphins as animal models for type 2 dia- 
betes: sustained, post-prandial hyperglycemia and hyperinsulinemia. Gen Comp 
Endocrinol (2011) 170(l):193-9. doi:10.1016/j.ygcen.2010.10.005 

39. Venn-Watson SK, Ridgway SH. Big brains and blood glucose: common ground 
for diabetes mellitus in humans and healthy dolphins. Comp Med (2007) 
57(4):390-5. 

40. Schofield CJ, Sutherland C. Disordered insulin secretion in the development 
of insulin resistance and Type 2 diabetes. Diabet Med (2012) 29(8):972-9. 
doi:10.1111/j.l464- 5491.2012.03655.x 



41. Ferroni P, Basili S, Falco A, Davi G. Platelet activation in type 2 diabetes mellitus. 
JThrombHaemost (2004) 2(8):1282-91. doi:10.1111/j.l538-7836.2004.00836.x 

42. Franzini M, Fornaciari I, Rong J, Larson MG, Passino C, Emdin M, et al. 
Correlates and reference limits of plasma gamma-glutamyltransferase frac- 
tions from the Framingham Heart Study. Clin Chim Acta (2013) 417:19-25. 
doi:10.1016/j.cca.2012.12.002 

43. Venn-Watson SK, Jensen ED, Ridgway SH. Evaluation of population health 
among bottlenose dolphins (Tursiops truncatus) at the United States Navy 
Marine Mammal Program. J Am Vet Med Assoc (2011) 238(3):356-60. doi:10. 
2460/javma.238.3.356 

44. Garaulet M, Gomez-Abellan P, Alburquerque-Bejar JJ, Lee YC, Ordovas JM, 
Scheer FA. Timing of food intake predicts weight loss effectiveness. Int J Obes 
(2013) 37(4):604-ll. doi:10.1038/ijo.2012.229 

45. Jakubowicz D, Froy O, Wainstein J, Boaz M. Meal timing and composition 
influence ghrelin levels, appetite scores and weight loss maintenance in over- 
weight and obese adults. Steroids (2012) 77(4):323-31. doi:10.1016/j.steroids. 
2011.12.006 

46. Jakubowicz D, Barnea M, Wainstein J, Froy O. Effects of caloric intake timing on 
insulin resistance and hyperandrogenism in lean women with polycystic ovary 
syndrome. Clin Sci (Lond) (2013) 125(9):423-32. doi:10.1042/CS20130071 

47. Morgan LM, Shi JW, Hampton SM, Frost G. Effect of meal timing and glycaemic 
index on glucose control and insulin secretion in healthy volunteers. Br I Nutr 
(2012) 108(7):1286-91. doi:10.1017/S0007114511006507 

48. Davidson MH. Focusing on high-density lipoprotein for coronary heart disease 
risk reduction. Cardiol Clin (2011) 29(1):105. doi:10.1016/j.ccl.2010.1 1.005 

49. Juren AJ, Sarwal G, Al-Sarraf A, Vrablik M, Chan D, Humphries KH, et al. 
Low prevalence of type 2 diabetes mellitus among patients with high lev- 
els of high-density lipoprotein cholesterol. / Clin Lipidol (2013) 7(3):194-8. 
doi:10.1016/j.jacl.2013.02.003 

50. Marino L, Frohoff T. Towards a new paradigm of non-captive research on 
cetacean cognition. PLoS One (2011) 6(9):e24121. doi:10.1371/journal.pone. 
0024121 

51. Venn-Watson S, Smith CR, Gomez F, Jensen ED. Physiology of aging among 
healthy, older bottlenose dolphins (Tursiops truncatus): comparisons with aging 
humans. / Comp Physiol B (2011) 181(5):667-80. doi:10.1007/s00360-011- 
0549-3 

52. Yeates LC, Carlin KP, Baird M, Venn- Watson S. Nitric oxide in the breath of 
bottlenose dolphins: effects of breath hold duration, feeding, and lung disease. 
MarMamm Sci (2013). doi:10.1111/mms.l2037 

53. Solga SRT. Issues and challenges in human breath research: perspectives 
from our experience. 1st ed. In: Amann A, Smith D, editors. Volatile Biomark- 
ers: Non-Invasive Diagnosis in Physiology and Medicine. Oxford: Elsevier (2013). 
p. 19-24. 

54. Ridgway SH, Scronce BL, Kanwisher J. Respiration and deep diving in 
the bottlenose porpoise. Science (1969) 166:1651-4. doi:10.1126/science.l66. 
3913.1651 



Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. The Guest Associate Editor, Stephanie 
Venn-Watson declares that, despite having collaborated with the author Cristina 
Davis, the review process was handled objectively and no conflict of interest exists. 

Received: 13 August 2013; accepted: 17 October 2013; published online: 25 November 
2013. 

Citation: Scbivo M, Aksenov AA, Yeates LC, Pasamontes A and Davis CE (2013) Dia- 
betes and the metabolic syndrome: possibilities of a new breath test in a dolphin model. 
Front. Endocrinol. 4:163. doi: 10.3389/fendo.2013.00163 

This article was submitted to Diabetes, a section of the journal Frontiers in Endocrinol- 
ogy- 
Copyright © 2013 Schivo, Aksenov, Yeates, Pasamontes and Davis. This is an open- 
access article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms. 



www.frontiersin.org 



November 2013 | Volume 4 | Article 163 [ 5 



